Introduction
The enzymes which comprise the prokaryotic and eukaryotic respiratory chains are typically membrane-bound multi-subunit complexes. In mitochondria they tend to be more complex protein conglomerates than in bacteria. In both eubacteria and archaebacteria respiratory enzymes seem to contain only the functional cores of their eukaryotic sisters. In the simplest cases they may have only a single subunit but still retain at least a part of the relevant catalytic function [ 1, 2] .
The archaetype of this family is the mitochondrial cytochrome c oxidiase (1.9.3.1) or cytochrome aa3, which has, depending on the species, from seven to thirteen different subunits, contains two haem A groups and two redox-active copper ions, and functions as a redox-linked proton pump [3-51. Many bacteria have a similar cytochrome aa, but this has only three or four subunits [4, 61. Different types of terminal oxidases, many of which are known to have subunits homologous to those in the mitochondrial enzyme but which contain different prosthetic groups, are frequently found in bacteria [6- 81. This short review will focus on these bacterial quinol and cytochrome c oxidases.
Cytochrome c and quinol oxidases
The function of terminal oxidases, which transfer electrons from a quinol directly to oxygen, covers two terminal steps of the mitochondria1 respiratory chain, where cytochrome c reductase and oxidase *Corresponding author. tPermanent address: School of Chemical Sciences, University of Illinois, Urbana, Illinois 61801, U S A . Abbreviations used: COI, subunit I; COII, subunit 11; N20K, nitrous oxide reductase.
together catalyse this reaction. The latter system, also employed in bacteria [6] , is mechanically able to conserve more energy from quinol oxidation than any of the bacterial quinol oxidases studied so far [4] . The Escherichia coli cytochrome bo quinol oxidase is the best studied enzyme in the group, and now an established member of the oxidase family [8] . Being a proton pump [9] , it shares functional properties with cytochrome c oxidases.
The E. coli cytochrome 60 complex appears to have four different subunits [8] . These 
Metal binding sites
Spectroscopic studies, which have characterized the ligands that co-ordinate the four redox centres to the apoproteins, have been summarized and discussed in recent reviews [3] [4] [5] 131 . In cytochrome c oxidase, Cu, is a centre which is involved in the transfer of the electrons from cytochrome c to the bimetallic active site. It probably has two histidine and two cysteine Iigands, although the involvement of additional or other types of ligands cannot be excluded. At least two cysteines of the Cu,-binding site are in subunit I1 (COII). Cytochrome a is a redox centre, which together with Cu, is involved in the intramolecular electron transfer. The iron of cytochrome a is co-ordinated to two histidines, and four histidines are probably involved in binding of the bimetallic cytochrome a,-Cu, active site. All of these residues may reside in subunit I (COI) [3, 4] . the only protein, which shows homology with the cysteine-containing segment in COII. It is a multicopper protein and takes part in the denitrifying activity of Pseudomonas [14] . The similarity of Cu, to one copper centre in N,OR, which has been shown by e.p.r. and X-ray absorption spectroscopy, has been used to propose that Cu, is a two-copper centre similar to that found in N,OR [15, 161. Earlier metal analyses [ 171 have indicated that cytochrome c oxidases may contain three coppers per two irons (haems), but recent data do not support this as there seems to be only 2.5 coppers per two haems [ 181.
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The four putative copper-binding ligands are absent in the sequence of the E. coli CyoA protein (bottom line in Fig. la) . This may strengthen the current hypothesis of the structure of the Cu, centre, because the cytochrome bo complex has been shown to contain no equivalent copper [ 191.
The six invariant histidines in COI are likely to bind cytochromes a and a, as well as Cu,. Two of these should be ligands for the low-spin cytochrome a, one should be the proximal ligand of the high-spin cytochrome a3, and three should bind Cu, [3-51. Again, the exact character and number of the Cu, ligands has not yet been established. Current databases and recent publications contain 32 sequences of COI. In these, only the six histidines shown in Fig. l(b) are strictly invariant. This remarkable conservation suggests that they are involved in metal-binding or in other indispensable functions. The E. coli CyoB subunit also has all six histidines. This structural evidence, together with spectroscopic and functional data [9, 12, 191 , indicate that the low-spin cytochrome and the bimetallic centre are very similar in cytochrome c and quinol oxidases. The archaebacterial Sulfolobus acidocaldarz'us cytochrome uu,, which seems to be a quinol oxidase [Z] , is also related to the COI and CyoB proteins, particularly near the conserved histidine residues (Fig. 1 b) .
The conserved histidine residues (Fig. 1 b) are diagnostic for the oxidase family. The function of an enzyme, which contains homologous internal sequences, is to reduce 0, to H,O using electrons derived either from a quinol or a cytochrome c. Subunit I may perform this function alone, like in the S. acidocaldarius cytochrome uu, [2] and Thermus thermophilus cytochrome bu, [l] , or in a complex with other subunits. The Cu, site, in contrast, is variably present in the enzymes belonging to the family, and seems to be diagnostic for cytochrome c oxidation (Fig. 3) .
Structural models have been proposed for the cytochrome u,-CU, and cytochrome u centres [4, 13, 201 . These combine spectroscopic results on the orientation of the haems and the distances between the metal centres, with sequence conservation and the predicted folding of COI in the membrane. All six histidines are at the edges of or within hydrophobic segments, which form putative transmembrane helices. This structural premise constrains current models. For instance, two adjacent histidines in segment VII are likely to be Cu, ligands, since helical geometry may not allow them to bind two different metals. Conversely, both histidines in segment X may not be able to bind CU,, because they are on the opposite sides of a helix. It is most likely that one of them is a cytochrome a ligand while the other binds either cytochrome a, or Cu,. However, such theoretical considerations still leave many possible permutations in model building, and further refinement requires experimental constraints, which could be obtained by sitedirected mutagenesis. 
Genes and subunits of the bacterial terminal oxidases

Genes encoding terminal oxidases
Genetic loci coding for terminal oxidases in bacteria [8, 10 , I I , 21-24, 361 and yeast [27, 28, 371 Genes coding for the subunits (COI, CQll, COlll and COIVB) or assembly factors have been assigned in different species as shown in the figure The CtaB, CaaE and CyoE proteins are related t o the yeast Cox10 protein, in Br pponrcurn the gene for this protein follows COXA [24] The ctoA gene in 6 subtrlrs regulates biosynthesis of cytochrome oxidases [36] The locations of the introns in the yeast cox7 gene [37] other subunits [24] . In contrast to this, the two bacilli and E. coli have the genes in a single cluster [8, 10, 111 .
The Paracoccus enzyme appears to be a complex of three subunits [25] . The caa,-type oxidase of the thermophilic bacillus PS3 has been shown to contain a fourth subunit 1261, which is not related to any of the mitochondria1 oxidase subunits, and a similar small subunit can be proposed to be present both in the Bacillus subtilis cytochrome c oxidase [ 1 I] and the E. coli quinol oxidase [8] . The differences in gene organization and subunit composition suggest that there may be two branches in this family of bacterial terminal oxidases. One branch is exemplified by the three-subunit F' . denitrificans cytochrome c oxidase, and the other by the foursubunit E. coli and bacillus quinol and cytochrome c oxidases.
The genetic loci contain genes, which seem not to code for structural proteins. Two genes in the yeast nucleus, coxlo and coxll, have been shown to encode protein factors, which are needed for the assembly of cytochrome oxidase [27, 281 . Several other mutations with a similar phenotype have been found [29] . A gene for a protein, which is similar in sequence to CoxlO, is invariably present in all bacterial loci (Fig. 2 ). This CtaB, CaaE, CyoE or CoxB protein is apparently a universal factor necessary for the biosynthesis of enzyme complexes of this family. In contrast, the gene related to coxll (ctaG) has only been found in P. dentrificans [22, 281. 
Different members of the family
Haem A has two side-chain substitutions which make it different from protohaem: a formyl group at the position 8 and a hydroxyethylfarnesyl group at the position 2. It has been assumed that the prosthetic groups in cytochrome bo would be protohaems (b-type haems). However, the pyridine haemochromogen extracted from the E. coli complex as a spectrum which is different from the protohaem derivative [ 191. Thus the haems in cytochrome bo may have a substitution to the tetrapyrrole ring, which may make them structurally closer to haem A.
Different combinations of haems A, B (which may be modified) and C occur in the bacterial terminal oxidases, and are found both among quinol oxidases and cytochrome c oxidases. Figure  3 is a gallery of such enzymes. Cytochrome aa3, the standard cytochrome c oxidase, may be a quinol oxidase in S. acidocaldarius and B. subtilis [2, 301. Cytochrome caa3, which has a haem C bound to [32] .
I. Cvtochrome
Finally, an aco-type cytochrome oxidase complex, which contains all three different haems, has been isolated from an alkalophilic bacillus [ 331.
One reason for the occurrence of haem A in cytochrome c oxidases may be related to the high mid-point redox potential of cytochrome a centre. Quinols have mid-point potentials close to 0 mV, and any of the haems could in principle be reduced by them. In contrast, cytochrome c has a high midpoint potential around 250 mV. The mid-point redox potential of a cytochrome b centre may be too low [12] for effective acceptance of electrons from a cytochrome c, whereas this function is fulfilled by a high-potential [S] cytochrome a centre.
Another peculiar feature of the cytochrome c oxidases is the presence of Cu,. Its presence may be important for the structure of the cytochrome cbinding site and it may be the acceptor for electrons coming from this substrate (see [4] ). Apart from these points, differences in subunit and haem composition, and in substrate specificity occur within this family of terminal oxidases. It is not known whether they all contain similar subunits, but this is likely, because they are invariably predicted to contain at least one copper, and consequently a bi-metallic 0,-binding site, as well as a low-spin haem redox centre.
